Ultralight and resilient porous nanostructures have been fabricated in various material forms, including carbon, polymers, and metals. However, the development of ultralight and high-temperature resilient structures still remains extremely challenging. Ceramics exhibit good mechanical and chemical stability at high temperatures, but their brittleness and sensitivity to flaws significantly complicate the fabrication of resilient porous ceramic nanostructures. We report the manufacturing of large-scale, lightweight, high-temperature resilient, three-dimensional sponges based on a variety of oxide ceramic (for example, TiO 2 , ZrO 2 , yttria-stabilized ZrO 2 , and BaTiO 3 ) nanofibers through an efficient solution blow-spinning process. The ceramic sponges consist of numerous tangled ceramic nanofibers, with densities varying from 8 to 40 mg/cm 3 . In situ uniaxial compression in a scanning electron microscope showed that the TiO 2 nanofiber sponge exhibits high energy absorption (for example, dissipation of up to 29.6 mJ/cm 3 in energy density at 50% strain) and recovers rapidly after compression in excess of 20% strain at both room temperature and 400°C. The sponge exhibits excellent resilience with residual strains of only~1% at 800°C after 10 cycles of 10% compression strain and maintains good recoverability after compression at~1300°C. We show that ceramic nanofiber sponges can serve multiple functions, such as elasticity-dependent electrical resistance, photocatalytic activity, and thermal insulation.
INTRODUCTION
Three-dimensional (3D) resilient nanostructures, such as graphene monoliths (1, 2) , carbon nanotube aerogels (3), polymer foams (4), and metal microlattices (5, 6) , have been synthesized and explored for a wide range of applications, including tissue engineering, thermal insulation, energy storage, filtration, and environmental protection (7) (8) (9) (10) . Although these 3D nanostructures generally exhibit superior properties, including high porosity, large surface area, reliable mechanical properties, and ultralow density (11, 12) , applications at high temperatures in air still remain challenging because of their relatively unstable constituent materials (carbon, polymers, and metals). In contrast, ceramics feature high strength and good mechanical/chemical stability at high temperatures (13, 14) , but their brittleness and flaw sensitivity have so far limited the development of lightweight and resilient ceramic systems (15, 16) .
Microarchitectural cellular structures made of nanoceramics (17) and nanoceramic composites (18) are typically brittle despite many superior properties, including substantially enhanced specific stiffness and strength. More recently, a compelling hollow-tube alumina nanolattice structure, with tube wall thickness of 5 to 60 nm, tube major axis around 1 mm, and whole-cell width of 25 to 75 mm, has been recently fabricated based on two-photon lithography direct laser writing (DLW), atomic layer deposition, and oxygen plasma etching (19) . Deformation in this nanolattice appears to be dominated by elastic buckling of the tube shell, leading to substantial ductility and good recoverability under uniaxial compression at room temperature. However, this nanolattice is generally limited to below 1 mm in size and cannot easily scale up to larger systems because of its DLW-based synthesis process. Nanoporous monolithic alumina and lanthanide oxide aerogels (20) (21) (22) (23) have been synthesized via sol-gel and self-assembly methods. These aerogels exhibit ultralow density and excellent thermal properties, but their specific modulus and strength are much lower than those of nanolattices (19) . To date, there has been no investigation on the high-temperature resilience of lightweight ceramic cellular structures.
It has recently been recognized that ceramic nanocrystalline nanofibers are highly flexible because of their high aspect ratios and nanometersized grains (24, 25) and can be an ideal candidate for building blocks for 3D elastic assemblies (26) . A variety of ceramic nanofibers have been successfully prepared through electrospinning, which uses an electric field to draw fibers from precursor solutions (27) . However, electrospun nanofibers typically form a thin film network of random or oriented nanofibers and cannot be easily assembled into large-scale 3D networks because of intrinsic limitations in the electrospinning technique. Here, we report the manufacturing of large-scale 3D sponges based on a variety of ceramic [for example, TiO 2 , ZrO 2 , yttria-stabilized ZrO 2 (YSZ), and BaTiO 3 ] nanofibers through an economic and efficient blow-spinning technique. Quantitative mechanical testing indicated that the nanofiber sponges exhibit excellent resilience at both room and high temperatures up to 800°C, and we also observed mechanical resilience of the YSZ nanofiber sponge at even higher temperatures (~1300°C). The ceramic nanofiber sponges also exhibit ultralow density, superior mechanical/chemical stability, efficient energy absorption during cyclic loading, and multifunctionalities, such as elasticity-dependent electrical resistance, photocatalytic activity, and thermal insulation.
RESULTS

Synthesis and structural characterization of ceramic nanofiber sponges
We developed a solution blow-spinning technique to fabricate ceramic nanofibers and assemble them into 3D nanofiber sponges. Compared to electrospinning, our present technique has the advantage of much higher (by several times) fiber production rate and the freedom to dispense with a high-voltage electric field (28) . Moreover, for a precursor with a relatively high concentration of inorganic salts, a "jam" phenomenon near the tip of the syringe needle usually occurs during electrospinning because the electrical conductivity of the precursor rises with the addition of inorganic salts, causing an instability in the electrospinning process. In comparison, for blow-spinning, the precursor with these high concentration salts can be spun with ease. If the precursor solutions in electrospinning and blow-spinning are similar, there is no significant difference in the yield rate, aspect ratio, and grain size of the nanofiber. Details of the synthesis process are given in Materials and Methods. As illustrated in Fig. 1A and fig. S1 , a precursor solution is pumped through an inner muzzle with a diameter of 0.16 mm, and, simultaneously, air flows through a concentric outer nozzle with a diameter of 1 mm. The precursor solution is naturally stretched by the air flow and solidified to fibers with diameters of hundreds of nanometers associated with solvent evaporation. The ejected nanofibers were concentrated in an air-permeable cage-like collector to form a highly porous sponge. The method is highly efficient and can be scaled up, allowing us to obtain a macro-sized Ti(OBu) 4 /polyvinylpyrrolidone (PVP) nanofiber sponge in a short time, as shown in Fig. 1B . After calcination for 200 min at 450°C, the PVP is removed, and Ti(OBu) 4 is then hydrolyzed into pure TiO 2 sponges with ultralow density (Fig. 1C) , typically ranging from 8 to 40 mg/cm 3 , depending on the fiber diameter and sponge porosity. This density range is comparable to that of ceramic aerogels (26) and nanolattices (19) . The ceramic nature of the nanofibers allows the sponge to withstand high-temperature flames without any visible damage and deformation (Fig. 1D) .
The average diameter of the nanofibers can be controlled from 47 to 815 nm by controlling the concentration of the precursor solutions ( fig. S2) . Figure 1E shows a scanning electron microscopy (SEM) image of a piece of TiO 2 sponge, where uniform nanofibers with a diameter of~180 nm interweave with each other, leading to a cellular architecture with opencell geometry and porosity above 99.7% (Fig. 1F) . Figure 1G shows a TEM image of a TiO 2 nanofiber. In combination with the traditional sol-gel process, our synthesis process can be easily extended to other ceramic materials. For example, we have applied the solution blowspinning technique to fabricate ZrO 2 , YSZ, and BaTiO 3 nanofiber sponges (figs. S3 to S5).
Compressive behavior of ceramic nanofiber sponges at room temperature The ceramic nanofiber sponges can be repeatedly compressed to large strains, with marked recoverability after each compression, as shown in Fig. 2A, fig. S6 , and movie S1. To reveal the underlying mechanism, we performed in situ monotonic and cyclic uniaxial compression tests inside an SEM on the nanofiber sponges at both room temperature and 400°C via a Hysitron PI 85 PicoIndenter assisted with a heating device. Quantitative compressive testing at higher temperatures (for example, 400°, 600°, and 800°C) was carried out via a Hysitron TI 950 TriboIndenter. More details of the testing procedure are supplied in Materials and Methods. Hundreds of micrometer-sized specimens manufactured from macroscopic nanofiber sponges were used for mechanical testing. During testing, the specimen was glued via a silver paste between the Si loading stage and a light metal sheet and was subjected to compression by a conical nanoindenter with a 100-mmdiameter flat tip (Fig. 2 , B and C). Figure 2D shows a series of cyclic compressive stress-strain curves of a TiO 2 sponge with a density of 35 mg/cm 3 at room temperature under different strains of 10, 20, and 30%. From the linear elastic regime of the stress-strain curve during the first cycle of compression, the compressive modulus of the TiO 2 sponge is estimated to be about 12.25 kPa. Figure S7 shows the compressive modulus as a function of relative density of our ceramic nanofiber sponges and other available porous materials in previous studies. The compressive modulus of our sponges follows the scaling law E~(r/r s ) 2 with respect to the relative density, similar to nanofibrous aerogels made up of polyacrylonitrile and SiO 2 nanofibers. This indicates that the ceramic nanofiber sponge is an open-cell bending-dominated structure. Furthermore, our ceramic sponge is capable of retaining its stiffness and resilience even at high temperatures, suggesting potential applications of the sponge in an extreme environment. It was observed that the sponge can almost recover to its original shape when released from different compressive strains of 10 to 30%. Figure 2C shows a sequence of SEM snapshots of the sponge structure during loading and unloading cycles. These images reveal a number of typical deformation mechanisms during compression and recovery, including the bending and springback of individual nanofibers, narrowing and recovery of micrometer-sized pores, and relative motion between neighboring nanofibers ( Fig. 2C and movie S2 ). As the sponge is compressed to 40 and 50% strain, there exist apparent stress fluctuations in the first cycle of the stress-strain curve. The stress fluctuation corresponds to discrete failure events, that is, some nanofibers undergo irreversible deformation or fracture, leading to permanent damage of the structure. After the first cycle compression to 40% strain, the sponge recovered to 89% of its original height. Although there exists some damage after the first cycle, the peak stresses in the subsequent cycles remain almost the same (Fig. 2E) , indicating that local failure of some nanofibers does not significantly influence the carrying capacity of the overall sponge (29) . As the strain is increased beyond 35%, the stress rose steeply, and the maximum stress reached up to 200 kPa at 50% strain (Fig. 2E ). This rapid rise in stress is apparently induced by the densification of the structure and increased friction between neighboring nanofibers upon severe volume reduction (3). The compressive strength at 50% strain of the TiO 2 sponge is higher than those of metallic microlattices (5), polymer foams (4), and carbon-based foams (30) at similar densities. After 100 cycles of compression at 23% strain and room temperature, the TiO 2 sponge exhibited a residual strain of only 7% and a maximum stress nearly 73% of its original value ( Fig. 2F and fig. S8 ). A macroscopic specimen of the TiO 2 sponge with a density of 8.5 mg/cm 3 exhibited a residual strain of only 13% and a maximum stress nearly 90% of its original value after 100 cycles of cyclic compression at 50% strain and room temperature, which further illustrated the excellent resilience of the TiO 2 sponge ( fig. S9 and movie S3).
Energy absorption or dissipation is one of the crucial functions of porous nanostructures (4). The TiO 2 sponge also exhibited significant hysteresis during compression. At the first cycle of compression to 50% strain (Fig. 2E) , the total work done per unit volume is estimated to be about 38.1 mJ/cm 3 , and the dissipated energy density is about 29.6 mJ/cm 3 , leading to an energy loss coefficient of about 77.8%. This dissipated energy density is higher than those of recently reported cellular structures (5, 30, 31) . The observed large energy dissipation mainly results from the plastic deformation, fracture of nanofibers, and friction between adjacent nanofibers. Figure 2G summarizes the energy loss coefficients associated with the first three cycles shown in Fig. 2 (D and E) . As the maximum applied strain increases from 10 to 40%, the energy loss coefficient increases from 50 to 80%, which is comparable to that of aerogels and other cellular structures (5, 31, 32) . The slight decrease in energy loss coefficient at 50% strain is due to the extensive damage of structure in the first cycle. Figure 2H plots the variation of the maximum stress and energy loss coefficient during 100 compressive cycles shown in Fig. 2F . The maximum stress slightly decreases with the cycle number, but the energy loss coefficient first decreases and then remains constant at about 37% after 10 cycles. In previous studies on metallic and ceramic hollow-tube lattices, energy absorption was achieved through fracture and buckling of tube walls (5, 19) . For the ceramic nanofibrous sponge under study, the energy absorption mechanisms include plastic deformation and/or fracture of individual nanofibers as well as friction between adjacent nanofibers, as illustrated in Fig. 2I and SEM details in Fig. 2J .
Compressive testing of ceramic nanofiber sponges at high temperatures A vast majority of cellular structures have been made from polymers, metals, and carbon, exhibiting excellent mechanical properties at room temperature (2, 4, 5, 33) . However, these constituent materials typically cannot stand high temperatures. In contrast, ceramics are excellent heat resistant materials. As demonstrated in Fig. 3A, fig. S10 , and movie S4, TiO 2 , ZrO 2 , and BaTiO 3 sponges exhibit good recoverability after compression in the flame of an alcohol lamp. We further conducted quantitative compressive testing on the fabricated ceramic sponges at high temperatures of 400°to 800°C. During in situ SEM experiments, the TiO 2 sponge was first heated to 400°C via microelectromechanical systems (MEMS) heating device integrated in the PI 85 stage (Fig. 3B) . The specimen was then subjected to cyclic compression ( Fig. 3C and movie S5) at the target temperature. Figure 3D plots a series of cyclic compressive stress-strain curves of a TiO 2 sponge with a density of~40 mg/cm 3 at 400°C. These curves with a maximum strain of about 23% show a residual strain of only 5% at 400°C after 10 cycles. Meanwhile, the dissipated energy density at the first cycle was estimated to be 1.52 mJ/cm 3 , and the variation of the maximum stress and energy loss coefficient with the cycle number is displayed in Fig. 3E . These mechanical properties are close to those of the sponge at room temperature shown in Fig. 2F , indicating that the TiO 2 nanofiber sponges retain their high resilience (or good recoverability) and high energy dissipation properties at 400°C. In particular, the YSZ sponge was heated in a methane flame for 10 min without shrinkage and cracking (Fig. 3F) . The temperature of the methane flame is between 1184°and 1479°C (fig. S11 ). The YSZ sponges exhibit good recoverability after a number of compression cycles under this high-temperature methane flame, as shown in movies S6 and S7. We also conducted cyclic compression of ZrO 2 sponges at 400°, 600°, and 800°C via a Hysitron TI 950 with a heating stage. Because of the limited displacement range in this instrument, the maximum strain is capped at about 10%. The measured compressive stress-strain curves in Fig. 3G  and fig. S12 indicate that the specimens recover almost completely after compression, with residual strains of only~1% at 800°C after 10 cycles, demonstrating excellent resilience of the YSZ sponge at 400°to 800°C under cyclic compression.
Influence of gain size on the resilience of sponges In the above mechanical tests, the ceramic nanofibers in the fabricated nanofibrous sponges have a mean grain size of around 10 nm. These
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nanocrystalline nanofibers are highly flexible and capable of bearing large elastic deformation, contributing to the high resilience of the nanofibrous sponges. We further investigated the influence of the mean gain size of nanofiber on the resilience of a whole sponge. We increased the sintering temperature of the Ti(OBu) 4 /PVP sponges from 450°to 650°C to realize grain growth in the nanofibers. In this process, the crystalline structure transformed from a pure anatase to a rutile-anatase mixed structure ( fig. S13 ). An analysis of the full width of the anatase peak at half maximum showed that the grain size increased from~11 tõ 34 nm, which is consistent with our observations in TEM (Fig. 1G and  fig. S14 ). The same in situ SEM cyclic compression tests were performed on large-grained nanofiber sponges. Figure S15 shows the compressive stress-strain curves of a large-grained sponge with a density of~30 mg/cm 3 .
There exist a number of apparent stress drops in these stress-strain curves, which are distinct from those of the small-grained sponges shown in Fig. 2F . Each stress drop corresponds to a discrete brittle failure event of some nanofibers, indicating that large-grained fibers are more brittle than small-grained ones. Although a number of largegrained nanofibers in the sponge fractured during compression, the recoverability and maximum stress of the whole sponge were not significantly affected. After 10 cycles, the large-grained nanofiber sponge still retained 97% of the original height and 90% of the maximum stress in the first cycle, which are comparable to those of the small-grained nanofiber sponges. This phenomenon may be attributed to the presence of numerous interlaced nanofibers, which provide support for the structure, even when some nanofibers suffer from brittle and catastrophic 
failure. These results indicate that the ceramic nanofibrous sponges have good structural stability.
Multifunctionality of ceramic nanofiber sponges
Because TiO 2 and ZrO 2 are two typical functional ceramic materials, one may wonder about the multifunctionalities of sponges made from these two materials. Figure 4 (A and B) shows the variation of normalized electrical resistance (R t /R 0 ) of the TiO 2 sponge repeatedly compressed to 50% strain at room temperature and 30% strain at 400°C for 10 cycles, respectively. At room temperature, the value of R t /R 0 decreases by about 65% under 50% compressive strain and recovers well after the load is released. Similarly, at 400°C, the value of R t /R 0 decreases by 35% under 30% compressive strain and nearly recovers to the original value after unloading. This elasticity-dependent electrical resistance suggests the creation of numerous new temporary contacts among nanofibers during compression, leading to a large increase in conduction paths throughout the sponge, which decreases the electrical resistance (26) . As shown in Fig. 4 (A and B) , the response of R t /R 0 only shows a slight change over multiple cycles of compression at both room temperature and 400°C, demonstrating promising stability of the structure and electrical properties at high temperatures.
TiO 2 is a well-known photocatalytic material with extraordinary abilities to degrade organic matter (34) . However, TiO 2 powder is difficult to recycle after being dispersed in the solution for photocatalytic activity. Our ultralight and porous TiO 2 sponge is a convenient alternative that not only catalytically degrades organic matter, but also can be recycled easily. The TiO 2 sponge also has distinctive water absorption properties: A 2.1-mg sponge is capable of absorbing 107.8 mg of water, over 50 times its original mass ( fig. S16 ), while still maintaining its structure and elasticity ( fig. S17 ). After the sponge was dyed with organic stains, such as rhodamine B, the color of the sponge quickly faded (15 min) under illumination, as evidenced by Fig. 4C . The TiO 2 sponge can be immediately stained again and fade repeatedly under illumination without any other treatments for many cycles. This self-fading sponge, which has a stable structure and can be used repeatedly, has various potential applications in water purification and photocatalytic devices.
Because of their high porosity, porous cellular structures generally are excellent thermal insulation materials with low thermal conductivity. The thermal conductivity of the ZrO 2 nanofiber sponge (0.027 W/m·K at room temperature) is lower than that of most thermal insulation foams (table S1), indicating its superior thermal insulation performance. As illustrated in Fig. 4D , fresh flower petals were placed on top of 7-mmthick plates made of iron, nickel foam, glass, Al 2 O 3 ceramic, Al 2 O 3 porous ceramic, and ZrO 2 nanofiber sponge on a 400°C heating stage. After 10 min, the petal on the ZrO 2 sponge exhibited only slight wilting, whereas other petals were carbonized. We monitored the temperature change on the top surface of these materials with time ( fig. S18) . The surface temperature of the ZrO 2 sponge only increased from 25°to 108°C, much lower than that of other materials. The infrared image in Fig. 4E illustrates that the top surface of the ZrO 2 sponge with a thickness of 1 cm maintained a relatively low temperature of about 95°C after being placed on a 400°C heating stage for 1 hour. These results indicate that the ZrO 2 sponge is an excellent thermal insulation material, which may be attributed to both the high porosity of the structure and the low thermal conductivity of ZrO 2 .
DISCUSSION
In conclusion, we synthesized centimeter-sized and lightweight ceramic (TiO 2 , ZrO 2 , YSZ, and BaTiO 3 ) nanofiber sponges through an economic and efficient blow-spinning technique. These ceramic sponges displayed ultralow density, high resilience, and energy absorption. It has been shown that these sponges can maintain good recoverability after cyclic compression at temperatures above 400°C, which is challenging to other porous ceramic materials. They also have multiple functions, such as elasticity-dependent electrical conductivity, photocatalytic activity, and thermal insulation, with a broad range of potential applications in dampers, electrodes, heat insulators, absorbents, separators, and pressure sensors at high temperatures. The properties and functionalities of nanofibrous sponges are closely related to their microstructural parameters, including porosity, fiber diameter, and mean grain size of the fiber. The successful fabrication of these unique ceramic sponges provides new insights into the design and development of porous cellular structures for high-temperature applications.
MATERIALS AND METHODS
Preparation of ceramic nanofiber sponges TiO 2 sponge The precursor solution was prepared through the following procedure. Tetrabutyl titanate [Ti(OBu) 4 ] and PVP (M w = 1,300,000) with a 2:1 mass ratio were mixed with ethanol and acetic acid at a mass ratio of 3:1. The solution was magnetically stirred for~6 hours in a capped bottle at room temperature. The mixture was loaded into a 1-ml syringe with a specific coaxial needle. The precursor solution with 7 weight % (wt %) of PVP was injected from the axle with a speed of 3 ml/hour toward a porous and air-permeable cage collector placed at a distance of 20 cm, under a gas pressure of 69 kPa (airflow velocity is about 21 m/s at the exit) from the outer shaft. After spinning for 20 min at room temperature, a sponge of Ti(OBu) 4 /PVP was obtained in the cage. The Ti(OBu) 4 /PVP sponge was immediately treated at a heating rate of 2°C/min and then held at 450°C in air for 200 min before being cooled down in the furnace. After sufficient heating time, the grain size of the ceramic nanofiber only showed slight changes at the experimental temperatures, which were lower than the heating temperature during fabrication. This avoids the influence of grain growth on deformation of sponges at high temperatures. ZrO 2 sponge Zirconium oxychloride (ZrOCl 2 ·8H 2 O) and PVP with a 2:1 mass ratio were mixed with ethanol and deionized water at a mass ratio of 1:1. The solution was then magnetically stirred for~6 hours in a capped bottle at room temperature. The spinning process was the same as that for the TiO 2 sponge. The sponge was then treated at a heating rate of 2°C/min with a holding time of 200 min at a temperature of 800°C in air and then cooled in the furnace. The precursor solution of YSZ was fabricated by zirconium n-propoxide, yttrium nitrate, PVP, diacetone, and ethanol. BaTiO 3 sponge Barium acetate [Ba(Ac) 2 ] was dissolved in acetic acid, and Ti(OBu) 4 was then added drop by drop with continuous stirring. After dissolution, 7 wt % of PVP and ethanol was added into the solution [the molar ratio of Ba(Ac) 2 and Ti(OBu) 4 is 1:1; the mass ratio of PVP and Ti(OBu) 4 is 1:2]. The solution was stirred for~6 hours at room temperature. The spinning process was the same as that for the TiO 2 sponge. The obtained sponge was then treated at a heating rate of 2°C/min and a holding time of 1 hour at 750°C in air and then cooled in the furnace.
Characterization and mechanical testing
The weight of the sponge was measured by an electronic balance with an accuracy of 0.01 mg. The dimensions of macroscopic specimens were determined via a vernier caliper with an accuracy of 0.02 mm, whereas the dimensions of microscopic specimens were measured optically by a field emission SEM (LEO-1530, Zeiss). The microstructure of specimens was observed using the same SEM. A TEM (JEOL-2010) operating at 120 kV was used to obtain TEM images and determine the mean grain size of nanofibers in the sponges. The crystalline structure was identified by using x-ray diffraction (XRD; D/max-2500, Rigaku) with Cu Ka radiation at a scanning rate of 0.5 and 7°/min with 2q ranging from 20°to 80°.
In situ monotonic and cyclic compressive tests on TiO 2 sponges at room temperature and 400°C were conducted at a constant displacement rate of 10 mm/s via Hysitron PI 85 PicoIndenter inside an SEM (Quanta FEG 450), and high temperature was achieved via a MEMS heating device integrated in the thermal module of PI 85. Compressive testing on ZrO 2 sponges at 400°, 600°, and 800°C was performed at a constant displacement rate of 40 mm/s via Hysitron TI 950 TriboIndenter with a temperature control stage. During the experiments of photocatalytic activity of TiO 2 sponges, the dyed sponge was irradiated by simulated solar light (SEX300c, Perfectlight) with an electricity of 16 A and a distance of 22 cm.
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